Abstract A strong~11-min-long surge of the lobe reconnection was observed during a substorm on the tailward side of the near-Earth neutral line. In the southern lobe near the reconnection separatrix the MMS spacecraft observed short-duration earthward electron beams providing the local Hall current, tailward propagating Alfven wave (AW) bursts with Poynting flux up to 10 −4 W/m 2 , and large-amplitude E field spikes (e-holes) and low hybrid waves. The reconnection surge was accompanied by substorm current wedge formation and fast poleward expansion of auroral bulge-related westward electrojet in the conjugate ionosphere. During its meridional crossing above the expanding bulge the Metop-2 spacecraft observed an intense energetic precipitation spike near the expected X line foot point and confirmed the dipolarized character of magnetic field lines inside of the bulge. Globally the observed average reconnection rate (<Ey >~3.3 mV/m) was sufficient to produce the magnetic flux increase in the bulge, associated with observed fast poleward expansion (about 6°latitude in 5 min).
Introduction
Magnetic reconnection is a multiscale process whose basic kinetic scales are as small as the electron and ion gyro/inertial scales (tens to hundreds of kilometers in the magnetospheric plasma). Exploration of these microscopic aspects is the primary goal of the current MMS mission (Burch et al., 2015) . However, the large community interest in magnetic reconnection comes from its highly important macroscopic consequences, which are supposed to include such explosive phenomena in the plasma universe as magnetospheric substorms, solar flares, and coronal mass ejections (which severely influence the space weather) and others. Therefore, an important aspect of the magnetospheric MMS project can also be to improve our quantitative understanding of the coupling between properly monitored microscale reconnection phenomena and their macroscale consequences, particularly, magnetospheric substorms.
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Correspondence to: V. A. Sergeev, victor@geo.phys.spbu.ru The role of reconnection in magnetospheric substorms is a traditional topic, which stimulated a lot of research during the first decades of magnetospheric studies. A summary of spacecraft and ground-based observations complemented by global auroral imaging resulted in a widely known reconnection-based scenario for substorms, known as the near-Earth neutral line (NENL) model (see, e.g., Hones, 1984; Baker et al., 1996) . It provided a framework to organize diverse observed substorm-related phenomena and to interpret the basic large-scale substorm-related changes in the magnetotail known thus far, and it even helped to predict some new phenomena such as the spectacular tailward moving plasmoids in the distant magnetotail. Since then, in spite of significant development of observational systems and global simulation capabilities, our understanding of magnetotail dynamics and its relationship to the tail reconnection still continues to be mostly qualitative and primarily based on indirect evidence and interpretations, with a much smaller amount of direct quantitative comparisons available so far. Major limitations include difficulty in monitoring and quantifying the large-scale dynamical changes in the tail and, especially, due to very limited possibilities to monitor the reconnection location and reconnection rate in the magnetotail.
One reason for the lack of quantitative comparisons is that the reconnection process itself (and substorm activations in general) is a multiscale process with highly complicated spatiotemporal dynamics (Paschmann et al., 2013) . The reconnection lines (XNLs, for brevity) emerge and develop sporadically for a short time in different localized regions of thin current sheet and then migrate to or reappear in the new regions. Because of such irregular intermittent appearances, it is usually very difficult to observe the actual reconnection rate by magnetospheric spacecraft for a sufficiently long time. At the same time, the large-scale consequences of interest are formed by integral effects of the reconnection process. Therefore, short sporadic appearances of reconnection makes it difficult to establish the observation-based quantitative relationships related to the macroscopic effects. To some extent, remote observations of magnetic flux transported in the fast flow burst channels created by reconnection can help to characterize reconnection in operation, but they do not provide precise diagnostics, because the observed flows result from complicated interaction of reconnection outflow with inhomogeneous plasma sheet, including interchange motions of plasma tubes having different properties. Also, because sporadic reconnection is localized across the tail and the localized outflow develops basically within the magnetic field (meridional) planes in the tail, the quantitative comparison of the cause and the effect should be done in the same magnetic meridional plane, which is rarely possible with a sparse coverage of existing magnetospheric spacecraft.
Modelling capabilities have greatly improved during the last decade, especially global magnetohydrodynamic (MHD) simulations, which allow us to simulate global consequences of magnetotail reconnection under realistic variable solar wind inputs. Particularly, the high-resolution global simulations (done both with and without coupling to the drift physics equations in the inner tail region, e.g., Pembroke et al., 2012, and Wiltberger et al., 2015, correspondingly) provide a nice illustration of complicated localized sporadic activities which cooperate to form the enhanced plasma sheet convection, dipolarization, and substorm current wedge (see also Birn & Hesse, 2013) . Unfortunately global simulations do not properly include kinetic physics which is central for reconnection, and different MHD model realizations provide drastically different global dynamical responses when tested for similar input conditions (Gordeev et al., 2017) . Therefore, while global MHD simulations continue providing perspective, they cannot yet provide an absolute answer (the ground truth) regarding global magnetotail dynamics.
Returning to observations, much better chances of directly linking reconnection and its consequences exist in the case where three conditions are fulfilled together, namely, (a) the reconnection rate is large and continues for a longer time (i.e., 10 min or so), while the XNL location does not change much; (b) monitoring the consequences is provided in the same meridional plane where reconnection is directly observed; and (c) global information is available to place the reconnection event into the global activity context, both temporally and spatially. As previously noticed by Baker et al. (2016) , in such studies it is essential to combine a detailed (microscopic) view of the core phenomenon (here, to identify and quantify the parameters of the reconnection process) with a global (telescopic) view of various associated phenomena.
The three conditions mentioned above seem to fulfill our event study of a moderate substorm event, in which significant enhancement of the reconnection rate in the near-tail region continued for more than 10 min. This time, MMS spacecraft probed the reconnection in the tail lobe near the separatrix, which is a favorable place for measurement of the reconnection rate. Using ground-based and low-altitude spacecraft observations near the magnetic meridional plane where the reconnection was in progress, we can follow the activation and poleward expansion of substorm-related westward electrojet. In this way we relate the expansion rate with the reconnection rate, identify the hard and intense precipitation structure near the expected XNL foot point in the ionosphere, and identify the foot points of dipolarized magnetic flux tubes which form the auroral bulge.
Observations
After 1820 UT on 28 July 2017 an isolated substorm was initiated by the southward interplanetary magnetic field (IMF) turning. Its expansion phase onset was identified at about 1903 UT by the commencement of the global Pi2 pulsations and the midlatitude magnetic bays (signatures of substorm current wedge, SCW; Figure 1b ). At nearly this time, the westward auroral electrojet (AEJ) was enhanced in the nightside auroral zone ( Figure 1a ). The midlatitude bay relaxed after~1920 UT, and it almost recovered when a new bay-like perturbation and global Pi2 commenced at about 1942 UT. Whereas the first SCW activation developed in the midnight, that is, 22.5-01.5 magnetic local time (MLT) sector (see, e.g., the change of the ΔY perturbation sign that occurred at around AMS station), the second SCW activation occupied the premidnight sector at 19-23.5 MLT. The largest ΔX and ΔY~0 were recorded at Crozet Isl (CZT) located at about Scandinavian magnetic meridian, which is magnetically conjugate to MMS. Impulsive activation of the westward AEJ and its poleward expansion after 1942 UT were comprehensively observed at the Scandinavian meridian (see records of JAN and BJN stations in Figure 1a ); they will be analyzed in more detail below. Between 19 and 20 UT, there was nothing significant in the solar wind. According to the OMNIWeb database, the solar wind flow pressure varied slightly at around 2 nPa (not shown), and IMF B Z was persistently southward at around −2 … −3 nT level ( Figure 1c ).
The Pi2 + SCW activations were accompanied by an enhanced Ey component at MMS, indicating the enhanced dissipation in the magnetotail ( Figure 1d ). This time MMS was 0.5 R E southward of the nominal tail current sheet center, and the local normal to the neutral sheet surface was very close to Z GSE (see the supporting information Figure S1 ). All MMS spacecraft operated in the fast survey mode, MMS3 was at the top, and MMS4 was at the bottom of MMS formation, being separated by~20 km. Staying in the central plasma sheet (P P /P B~1 ) at the onset (1903 UT), it observed the modest Ey (in average~1 mV/m) and southward B Z variation, suggestive of the reconnection initiated closer to the Earth. However, no fast tailward ion outflow has been recorded. Soon after, the observations indicated plasma/current sheet thinning (see bottom panel in Figure 1d ), leaving MMS in the southern lobe. Interestingly, during that part of expansion phase between 1915 and 1940 UT, the B field magnitude was continuously increasing at MMS (see B x in Figure  d ), indicating the growth of the tail electric current in this MLT sector.
Manifestations of the second substorm activation were dramatic. The MMS spacecraft stayed in the lobe close to the plasma sheet boundary and, starting from 1940:30 UT, they observed a dramatic enhancement of the Ey component, indicating that magnetic flux tubes flow into the plasma sheet at a very high rate for about 11 min. The strongest inflow rates, above 3 mV/m, were observed between 1941 and 1947 UT. This was observed together with another dramatic signature, a fast, steady decrease of the lobe magnetic field magnitude, signaling significant loss of (reconnected) magnetic flux during this episode. In combination, these two signatures classify this episode as an intense reconnection surge. We first analyze the details of MMS observations to confirm and elaborate this interpretation, to locate the MMS spacecraft against the X-type XNL, and to quickly discuss how the magnetic separatrix looks in observations.
Most of the time shown in Figure 2 , MMS spent in the southern lobe as indicated by recordings of~100-eV polar rain electrons ( Figure 2c ) and by a spectacular trace of the cold ions in Figure 2a showing the lobe population, which is known from previous studies (e.g., Varsani et al., 2017) . As in those previous papers, at the top of spectrogram (a) we overplotted the trace of kinetic energy due to the proton convective transport (Ep = m p VE 2 /2, VE = (E × B)/B 2 ). Its good agreement with omnidirectional spectrogram indicates that the cold ions were mostly protons, and that VE quantitatively provided a robust estimate of the convection. During this episode there was no indication of energetic ion beams so that the spacecraft definitely did not enter into the proton plasma sheet boundary layer in this episode. At the same time there were definitely three 10-to 20-s-long intense electron beams. The beams were about a few to several kiloelectron volts in energy, and the~100-eV polar rain was completely replaced by these beams (Figure 2c ) suggesting its possible acceleration by the field-aligned E field. The beams were highly collimated antiparallel to B, moving in an earthward direction ( Figure 2b ).
A number of spectacular E and B field phenomena were registered during the convection surge after 1940.5 UT. The appearance of AWs is visually seen as a component-by-component anticorrelation between magnetic field (Figure 2d ) and convection VE (Figure 2e ) perturbations. (see supporting information Figure S2 for more detailed correlation plots). The anticorrelation corresponds to outward AW propagation in the southern lobe. We also computed the Poynting flux using 1-s average values of perturbations after subtracting the trend (defined using 1-min average sliding window). It showed a predominantly positive (means, outward) field-aligned flux S // (Figure 2f ) which is enhanced up to 10 −4 W/m 2 during the electron beams. The amplitude of electrostatic waves also greatly increased during these brief beam encounters (Figure 2g) , with ΔE peak fluctuation magnitude in 32-Hz data reaching as much as~100 mV/m; intense fluctuations were interpreted as low hybrid waves with superposed spikes resembling the electron holes.
Concerning the location of the XNL in this episode, the bulk of evidence (negative B Z variation, outward AW propagation, and outward Poynting flux) tells us that MMS made measurements on the tailward side of XNL being at X < −20 R E (NENL case). Throughout the whole event B Z variation (emphasized by shading in Figures 1d and 2d ) was negative as compared to its stable preceding level of~+1 … 2 nT (which corresponds to the B Z offset due to neutral sheet tilt, Figure S1 ); thus indicating no evidence of tailward retreat of the active XNL. The collimated earthward electron beam (toward the XNL) could then be the lobeward part of the Hall electric circuit (j directed tailward) which creates duskward (positive) Hall BY spikes. Thus, the morphology of all these manifestations is fully consistent with the reconnection-based picture if the observations were made in the proximity of the magnetic separatrix, without entering into the reconnection exhaust. Taking into account that in particle-in-cell (PIC) simulations the inward e-beam is most pronounced at roughly 20 ion inertial lengths from XNL (e.g., Hesse et al., 2016 , Figure 2 ), we can estimate MMS being at a distance of a few R E from the reconnection site.
We look at the global consequences by examining low-altitude and ionospheric observations (Figure 3 ). This time, the electrojet dynamics were monitored by the IMAGE magnetometer array in Fennoscandia (Figure 3a) , which occupied the area between the meridians 21 and 22 hr MLT, where the MMS foot point is approximately mapped to and where the POES Metop-2 low-altitude (h~850 km) spacecraft passed during the reconnection surge (see a map in Figure 3b ). (We caution that the standard model cannot exactly predict the latitude of the MMS foot point, which varies with the substorm-related changes of the tail current). The westward electrojet (blue color) slowly relaxed after 1935 UT, and by 1942 UT, its poleward edge descended down to 70°GeoLat (about 67°altitude-adjusted corrected geomagnetic (AACG) latitude at 20°geographic meridian (GG)). After 1943 UT it showed the intensity variations and poleward expansion, and by 1949 UT the poleward edge of westward current reached its highest latitude 76°(about 73°AACG) latitude). It may be of interest that one may discern two to three activations (leap elements) during this poleward expansion. One more, a detached high-latitude activation of westward electrojet, was observed at 2001 UT, closely following the fast plasma sheet expansion observed by MMS at 1958 UT (Figure 3d ).
According to Figures 3b and 3c , Metop-2 (M02) passed from south to north above the expanding electrojet between 1944 and 1948 UT, allowing us to monitor at a 2-s time resolution the particle precipitation resulting from the reconnection surge. After 1947:31 M02 was in the polar cap, as indicated by the low level of both electrons. This region should correspond to the well-known bright poleward edge of the expanding auroral bulge (Akasofu, 1976) . Comparison to Figure 3a assures that it is located at the poleward edge of westward electrojet. Here the fluxes of energetic protons and electrons also increased dramatically by 3-4 orders of magnitude above their presubstorm plasma sheet level (not shown here). The peak values were as high as the peak fluxes in the radiation belts observed during that passage; for example, the flux was as high as 2 · 10 6 (cm 2 s st) −1 for >30-keV electrons and 7 * 10 4 (cm 2 s st) −1 for >100-keV electrons (with steep spectrum~E −2.8 ). Strong acceleration was evident up to energies >300 keV ( Figure S3 ). The fluxes of trapped (I 90 ) electrons and of those precipitated in the loss-cone (I 0 , red lines) are nearly equal in the 1°-wide poleward region of energetic precipitation at the transition from plasma sheet to polar cap (in the proximity of XNL), as marked by the red horizontal strip in Figures 3c and S3 . Nearly isotropic loss cone electron precipitation observed in the wide energy range indicates that either B Z is small (<5 nT for standard current sheet densities) or current density is well above the norm (see, e.g., Sergeev et al., 2018 , for recent application of this method) to allow the electron to undergo strong (nonadiabatic) pitch-angle scatter in the curved magnetic field during one neutral sheet crossing. Such conditions are what we expect in some area surrounding the active XNL.
Moving to even lower latitudes, we see an extended region with high energetic particle flux in the plasma sheet domain, which merges with the outer radiation belt without showing any distinct border. Since strong nonadiabatic scatter, when acting, is superior to Fermi/betatron acceleration in forming isotropic loss cone particle distribution on gyrotimescale, the systematically empty loss-cone distributions, especially pronounced for 100-keV electrons before 1947:10 UT (blue curve at the bottom), indicate ineffective nonadiabatic scatter, which occurs on the dipolarized magnetic field lines. The dipolarized region (gray strip marked as DIP in Figure 3c ) spans about 7-8°latitude between its outer boundary at~71.8°AACG latitude and the proton isotropy boundary IBp (at 64°AACG latitude, corresponding to the equatorial region where B 50 nT in the inner magnetosphere, Figure S3 ). This is an image of extended dipolarized plasma sheet earthward of the near-Earth XNL, which is fed by reconnection outflows carrying inward the accelerated energetic particles. 
Concluding Remarks
To our knowledge this is the first observation of relatively long (11 min) intense reconnection surge event in the magnetotail with a well-controlled reconnection rate. During the surge, the XNL seemed to stay in the same area, presumably being a few Re earthward of MMS, close to the X~−18 R E distance where the XNL is often observed in the thin current sheet according to a statistical study of Cluster data (Petrukovich et al., 2009) . Moreover, during the 11-min long surge observation, the MMS made measurements in the lobe near the separatrix, a highly favorable location to monitor the intense reconnection inflow and establish a lobe reconnection. Under the lobe Alfvenic field E A = 31 mV/m (for BL = 20 nT and N = 0.08 cm −3 ), during the main surge the magnetic flux inflow rate of 3-6 mV/m corresponds to the 10-20% reconnection rate (Ey/E A ) which is a commonly adopted estimate found in the simulations of fast reconnection (e.g., Hesse et al., 2018) . During the Ey surge the lobe magnetic field at MMS decreased by as much as~30%, which is a very rare case, indicating a strong local loss of the lobe magnetic flux.
During this episode, the MMS did not enter the plasma sheet but crossed the separatrix a few times. Each crossing of the e-beam, directed toward the XNL, brought MMS into the region of intense E and B perturbations with δE Z > 0 (δVE Y < 0) and δB Y > 0, whose polarization correspond to Hall field signatures, as expected at the location tailward and below the XNL. As expected, the Hall E Z component was significantly more intense than Ey; the anticorrelation between δVE and δB was high and consistent with a Walen relationship. The Poynting flux was directed tailward and could reach values as large as 10
with statistical results in Figure 2t from Eastwood et al. (2013) . Also, at the separatrix we observed strong E-field spikes resulting both from the LH-waves and e-holes. Such structures, with amplitudes an order of magnitude larger than the reconnection electric field, are expected in this region due to the instabilities related to electron counterstreaming, as recently discussed by Hesse et al. (2016) . The manifestations observed at the separatrix during the reconnection surge look quite typical for this region; however, the energy of e-beams directed toward the XNL (up to 8-10 keV) looks a bit higher than in the previous reports (few kiloelectron volts in Nagai et al., 2001 ) which can be attributed to the large intensity of reconnection.
Poleward auroral expansion in the nightside auroral oval during substorms is usually cited as one of the most spectacular manifestations of reconnection in the magnetotail (Hones, 1984; Baker et al., 1996, etc) . However, no similar large-scale expansion is observed during steady convection events when the reconnection is also active in the magnetotail (e.g., Sergeev et al., 1996) . Distinct poleward expansion of the westward electrojet was observed, in our case, exactly during the first half of reconnection surge in which the reconnection was most intense (compare Figures 1d and 3a) . It allows for quantitative estimates to shed light on this apparent contradiction, including why poleward expansion is observed during some portions of substorms, but not during the steady convection events. During reconnection (see a schematic in Figure 3d ), the ionospheric foot point of active XNL will move poleward in case of a stationary ambient magnetic configuration and stationary plasma sheet. Between times t 1 and t 2 , the XNL foot point will expand by a distance ΔX i along the meridian and delineate the magnetic flux per azimuthal distance ΔY i equal to B i ΔX i ΔY i . This quantity should be equal to the reconnected flux Ey ΔY m Δt. By equating these fluxes, we obtain the poleward expansion magnitude as ΔX i = EyΔt (ΔY m /ΔY i )/B i . There is also an earthward convection in the plasma sheet and equatorward convection in the ionosphere. For a numerical estimate, from the TA15 model we computed the azimuthal mapping factor (ΔY m /ΔY i ) to be~40, take B i = 5.5 10 4 nT, express time in minutes, and with these values we have numerically
Here the second term in the brackets is added to account for the equatorward ionospheric convection, V i . Its values inside the active bulge are hard to observe by the radars because of strong radiowave absorption caused by the intense energetic electron precipitation into the D region of the ionosphere (Figure 3c ). The V i values measured by the Incoherent Scatter Radar (ISR) during a few substorms were about 0.6 km/s (de la Beaujardiere et al., 1991) . Another estimate came from equatorward drift speed of auroral arcs; during substorm expansions they are typically about 0.4-0.5 km/s in the poleward part of the auroral bulge for both small and strong substorms (Kornilova et al., 1997; Figure 4 ). According to (1), the reconnection rate of Ey~1 mV/m contributes about 45 km per minute to the poleward expansion, and convection shifts the foot point back by~30 km per minute if V i = 0.5 km/s. This shows that a nearly stationary poleward boundary will occur if the average reconnection rate is slow, E Y < 1 mV/m. In our case, the average reconnection rate between 1942 and 1947 UT was <E Y > = 3.3 mV/m, so the expected poleward expansion between 1943 and 1948 (taken with 1 min propagation time delay and suggesting the equatorward convection V i = 0.5 km/s) will be 580 km, in agreement with observed poleward expansion of~6°Lat in Figure 3a .
Although not a precise estimation, this numerical agreement emphasizes an important role of the lobe reconnection in the near-Earth plasma sheet (where the lobe reconnection rate can be that high) to provide large and rapid poleward expansion in the ionosphere. This is at variance with previous interpretations linking fast large-scale poleward expansion with the tailward retreat of the XNL (Baker et al., 1996; Hones, 1984; Pytte et al., 1978) .
Metop-2 passed through the expanding bulge after 1944 and crossed its polar border at 1947.5 UT, just at the minute of maximal expansion. This is a unique coincidence which results in three important conclusions.
(a) Comparing Figures 3a and 3c , a spectacular intense precipitation structure at the polar cap boundary (with total precipitated energy flux of 0.05-20 keV electrons exceeding 100 mW/m 2 ) is nearly colocated with the poleward boundary of westward AEJ. This bright precipitation at the poleward edge of the bulge is observed at the expected location of the XNL foot point; this correspondence was predicted by the NENL scenario, but now this has been observationally confirmed. (b) The integral flux spectrum of energetic electrons (E e~3 0-300 keV) at the peak of this structure is rather hard (I~E e −2.8 ) indicating a highly efficient electron acceleration in the XNL-proximity. Here the precipitated energetic electron fluxes are as high as the fluxes observed at low altitudes in the radiation belt. Isotropic loss cone precipitation of electrons (suggesting small B Z 2 /j values in the current sheet ; Sergeev et al., 2018) indicates that this may not be related to the magnetic flux pileup acceleration discussed by Hoshino et al. (2001) but rather characterizes acceleration in the outflow region adjacent to XNL. Certainly these observations reaffirm the lobe reconnection as an efficient accelerator. (c) The NENL scenario predicts that reconnection outflow on the earthward side of XNL forms the dipolarized flux tubes with enhanced B Z component and decreased current density. Most impressively, the accumulation of closed dipolarized plasma tubes ejected from XNL was illustrated in the global MHD simulations (Birn & Hesse, 2013; Wiltberger et al., 2015, etc) . Here, for the first time, we show that all magnetic tubes inside the expanding auroral bulge are dipolarized as suggested by the empty loss cone of intense energetic electron fluxes in the large energy range, an immediate consequence of increased B Z 2 /j in the dipolarized plasma tubes. Being previously inferred from topological arguments, this association of the dipolarized region with the interior of the auroral bulge now receives a direct confirmation.
